The review discusses the progress in the design and synthesis of bioactive agents incorporated into vascular grafts obtained by the electrospinning process. Electrospun fibers can be applied as an artificial extracellular matrix for tissue engineering and drug delivery, improving tissue regeneration and therapeutic outcomes. A large number of active substances are loaded into the fibers, such as growth factors, heparin, NO donors, statins, antibiotics or anti-inflammatory agents. There are various methods for bioactive substance incorporation including direct blending, emulsion, and coaxial electrospinning as well as covalent and non-covalent binding of the bioactive molecules to the fiber surface. The release mechanism of the drug depends on the synthesis route, active substance properties, and polymer matrix nature. The electrospun materials represent a very promising building block for the fabrication of effective vascular prosthesis in the near future.
Introduction
Cardiovascular diseases are still the leading cause of death in developed countries, accounting for more lives each year than cancer and chronic lower respiratory disease combined. If current tendencies continue the number of cases will increase to 25 million in 2020. 1 Atherosclerosis of blood vessels which is a common denominator of various cardiovascular diseases results in the pathological thickening of their lining with subsequent plaque formation and is considered to be the leading cause of sudden deaths in the USA.
1 Despite extraordinary progress made in the eld of atherosclerosis prevention and treatment involving new thrombolytic agents and greater accessibility to modern less-invasive angioplasty procedures, a signicant number of coronary artery diseases and peripheral vascular diseases still require vascular gras. The currently available options for vascular gras 2 have specic disadvantages including limited availability of suitable donors for autologous transplantations, 3 inammation or calcication of xenogras 4 and nally thrombosis and neointimal hyperplasia of synthetic non-degradable prostheses.
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In recent years, tissue-engineered vascular gras capable of inducing neovascularization process have gained huge interest. [6] [7] [8] Several reports related to scaffold-free gras and their formation from biodegradable materials with high compatibility and similarity to surrounding and autologous tissue have been noted. [9] [10] [11] To design effective and efficient polymer-based vascular gras, their properties should be similar to natural blood vessels, including thrombotic resistance and sufficient mechanical strength. Additionally, they need to be capable of inducing endothelial coverage, followed by gradual degradation till total resorption with full tissue regeneration. 12 Moreover, materials involved in gra fabrication should be non-immunogenic and should demonstrate properties promoting cell attachment and growth. Nevertheless, still there are certain unsolved issues connected with scaffold-based systems for vascular tissue engineering, such as lack of sufficient growth factor reservoir 13 or improper cell recruitment, differentiation, and proliferation caused by the inuence of scaffold nanotopography. 14 In order to solve the problem of insufficient revascularization, occurring aer gra implantation, a number of studies are currently focused on integrative approach involving the use of polymer scaffold as bioactive substance delivery system. The drugs are incorporated into the polymer matrix or immobilized on the outermost surface to these scaffolds. 15 Polymer-based scaffolds demonstrate characteristics of advanced drug delivery systems for cardiovascular diseases treatment, including high loading capacity, high loading efficiency of single and multiple active substances. Moreover, they prevent fast release and rapid clearance of labile compounds e.g. growth factors, which signicantly improve their delivery prole. 16 It was found that the natural, as well as synthetic compounds, have demonstrated the ability to originate revascularization process. Advanced scaffolds have combined advantages of synthetic polymers including high mechanical durability and high resistance to processing conditions with an abundance of cell binding sites of natural polymers in order to improve overall biocompatibility. This paper reviews the synthesis and properties of polymerbased scaffolds and effects of their use as bioactive substance delivery materials in vascular tissue engineering. The discussed data are focused on the electrospinning process and its considerable interest in vascular tissue engineering. The study provides new insights into electrospun materials and their application as bioactive substance delivery base with a special attention payed to the treatment of cardiovascular conditions. In this contribution, electrospinning is presented as the most effective, efficient and low-cost method for vascular gra fabrication and development. Additionally, several techniques of active substance incorporation and immobilization to electrospun materials are also provided. The release mechanism of the active substance from polymer-based scaffolds is also presented. This review indicates that polymer electrospun ber materials offer a great potential as vascular gras for tissue engineering.
Electrospinning of vascular grafts
Several reports have been published on different approaches for fabrication of biodegradable vascular gras and polymer drug delivery systems. These investigations describe electrospinning, molecular self-assembly, hydrogels, thermally induced phase separation and solvent casting-particulate leaching techniques. 7 The most promising one is electrospinning due to the formation of quasi one-dimensional nano-and micro structures, direct control of obtained structure morphology and overall efficiency of the procedure.
Electrospinning process allows to obtain the bers characterized by a different diameter, from nano-to micro-meters, controlled by process parameters. This method can produce composite bers depending on the formulation of starting polymer solution. 18 However, synthetic polymer degradation time should be appropriate for cell inltration and tissue restoration guided by electrospun vascular gra. 19 The natural polymers, such as collagen, elastin or gelatin, are widely used as an additional component to increase cell attachment. 20 During electrospinning process, the syringe containing polymer solution is connected to a syringe pump, which is responsible for a constant and controllable fed rate. Fig. 1 presents a scheme of a typical electrospinning setup with a rotating drum collector. In general, the mechanism behind electrospinning technique is based on the electrostatic force, which is used to stretch the solution ejected from a spinneret. When a high voltage is applied to a metallic needle, a repulsive force is formed, as the induced charges are evenly distributed over the surface of the polymer drop, which is coming out from the metallic needle. When the electrostatic forces exceed the surface tension of the viscoelastic solution, the jet bursts from the spinneret. As the elongation phase continues the location of charge in formed jet starts to change. This process of continuous bending causes the jet to become unstable which results in a number of bending instabilities, which play a crucial role in the reduction of jet diameter. 21 In an electric eld the solvent evaporates during jet stretching process and nally, solutes solidify on the collector. 22 In order to dissolve the polymers for electrospinning process, different organic solvents are used. However, solvents are only utilized for manufacturing purposes. Therefore, in the case of electrospun cell scaffolds they should be removed, to the highest extent possible to limit the potential toxicity of their residues. The safety data for residual solvent levels are presented in Pharmacopeia 23 and based on this data they are divided into three classes. In the case of the electrospinning technique, the most desirable organic solvents which can be used for tissue engineering purposes are classied to class 2 or class 3 which both are characterized by a limited toxicity.
The electrospinning is a highly modiable technique for which a number of different electrospinning set-ups were developed including a rotating drum collector, which is applied to tubular structures preparation used as vascular gras (Fig. 1) . This approach provides an efficient solution for producing tubular structures of various sizes. The external diameter of drum collector corresponds to the internal diameter of produced structure. However, methods of electrospun material detachment from rotating drum collector were rarely reported in detail. Some insightful comments on different reported approaches were described by Errico et al. which could be helpful to develop a suitable methodology for tubular structure production for vascular gras application.
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One of the advantages of a rotating drum collector is the fact that it is capable of orienting bers circumferentially which is crucial in the development of electrospun vascular gra. Aligned bers instead of randomly oriented ones are also obtained by either varying the rotating collector parameters or applying additional magnetic or electric eld frames. 21 Uniaxial aligned bers have anisotropic tensile properties, which redistributes tensile force equally over produced structure, which would be vital for developing vascular gras which need to withstand high pressure aer their implantation. 25 Fibrous scaffolds produced by electrospinning, not only have directional mechanical properties but also can facilitate the orientation and attachment of cells to the bers. The structures obtained by electrospinning technique have a great potential in mimicking the extracellular matrix (ECM), 26 because produced bers are in the size range of ECM present in natural tissues of living organisms.
Process parameter like higher collector rotation speeds could contribute to greater uniformity in bers diameter and thus more homogenous mechanical properties of single bers which have implications in tissue regeneration at the cellular level. As the cell in vivo requires mechanical interaction with ECM to achieve its physiological function like differentiation or tissue restoration, improved mechanical equilibrium of arti-cial vascular gra will be supportive in neo-tissue formation. Therefore, it is important to consider nano-or micromechanical properties of vascular gras produced by rotating drum collector, due to their impact on cell function and tissue restoration.
Additionally, electrospun brous vascular gras have high surface area and high loading capability which expand their use into drug delivery systems. Furthermore, the arrangement of bers protects the incorporated bioactive molecules, provides means for their localized delivery and simultaneously limits the general side effects of traditional drug administration.
Incorporation of bioactive substance to electrospun vascular grafts
The electrospun materials exhibit specic and novel features, which make them interesting as potential delivery systems. Large surface area to volume ratio and high porosity helps to overcome the problem of bioactive substance loading to currently used combination products like for example drugeluting metal stents. Additionally, this approach improves and regulates the dissolution of the bioactive substance, which could be controlled by the nano-and micro-structure of the electrospun polymer bers. In recent years several drugs have been incorporated into electrospun materials including antibiotics 27, 28 and anticancer drugs [29] [30] [31] proving the feasibility of this approach. In this part, we will focus our attention on the methods of bioactive substances loading into electrospun vascular gras. There are various techniques and set-up modications used to adsorb, immobilize or incorporate bioactive substance to electrospun vascular gras (Fig. 2) . Examples of application of each discussed incorporation technique to obtain vascular gras loaded with bioactive substance are presented in Tables 1 and 2 .
Non-covalent immobilization
Non-covalent immobilization is the most convenient procedure of binding the bioactive molecules to the ber surface. This post-processing method is based on a simple process, where the electrospun gra is immersed in a solution containing the bioactive substance (Fig. 2) . Electrospun gras have large surface area due to a high number of nano and microbers which can adsorb different active compounds on its external surface. This approach is characterized by relatively mild conditions of the procedure which make it a perfect solution for labile compounds immobilization including proteins like for example growth factors used to improve vascular tissue restoration (Tables  1 and 2 ). Despite a number of advantages, the non-covalent binding technique is also characterized by a rapid dissolution of bioactive substance from polymer bers and poor control over its release kinetics. However, in the case of hydrophilic substances like growth factors, which oen cause burst release, various methods of surface modication were developed. One of the most interesting is ber surface heparinization. In the rst step, polymer gra surface is usually treated with plasma in order to increase hydrophilicity and activate surface for further modica-tion of amine groups. 32, 33 Aer the surface functionalization with heparin, improved affinity towards various growth factors is used to adsorb bioactive molecules via electrostatic interaction on the ber surface. No-plasma treatment methods were also developed. In such case, electrospun bers underwent cross-linking procedures which also resulted in free amine groups on bers surface. 34 
Covalent immobilization
Due to successful covalent immobilization of heparin on the surface of electrospun bers, this method was also applied for efficient immobilization of other bioactive molecules (Fig. 2) . Similarly, to non-covalent immobilization, it is a postelectrospinning process. One of the greatest advantages of this approach is the nature of covalent bonding itself, which provides better long-term stability of these modications as well as improved efficacy of the whole process. The covalent immobilization demonstrates high loading capacity and more sustained drug release prole of bioactive molecules. Despite mentioned advantages, this form of bioactive substance bonding to the surface of the bers makes it relatively challenging, especially from the practical point of view. As the modication process involves a number of steps, this makes eventual scale-up process of the whole method more difficult. Furthermore, more complex modications involve a high risk of possible changes in physical and especially mechanical properties of electrospun gra, which are essential for cardiovascular application, in which these structures need to withstand pressures and forces encountered in in vivo conditions. 35 Additionally, functional groups formation on the ber surface utilizes substances and conditions, which increases the risk of the decomposition of labile bioactive substances. Nevertheless, some groups have managed to successfully immobilize vascular endothelial growth factor (VEGF) on electrospun scaffolds through chemical bonding, which did not affect properties of this bioactive compound.
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Other examples of bioactive substance loaded vascular gras obtained by this technique are presented in Tables 1 and 2 . 
Direct blending
In direct blending technique, the active substances are suspended or dissolved in polymer solution shortly before the electrospinning process (Fig. 2 ). This technique is applied to limit the risk of active substance decomposition. Direct blending is an optimal solution when bioactive substance and polymer show similar solubility in the solvent. However, the problem of varying solubility might be addressed by dissolving the bioactive substance in solvent miscible with polymer solution.
37
In the case of similar solubility in organic solvent, the bioactive substance usually is incorporated directly into the structure of electrospun bers. Depending on the relation between gra composition and porosity, the release prole may be easily tuned. Perhaps the most serious disadvantage of this incorporation technique involves a high risk of burst release most oen caused by bioactive substance location on the surface or near the surface of electrospun bers. 27, 38 This method is frequently applied for bioactive substance loading to electrospun vascular gras (Tables  1 and 2 ).
Emulsion electrospinning
Emulsion electrospinning is one of the most efficient and novel techniques used for bioactive substance incorporation into electrospun vascular gras (Fig. 2 ). There are two types of emulsionoil in water (O/W) and water in oil (W/O) which can be electrospun. However, W/O emulsions are the most optimal ones for vascular gras preparation, due to the limited hydrophilicity of the external part of bers which is more favorable in conditions found in living organisms. 39 The electrospun solutions usually contain hydrophobic phase with the polymer dissolved in an organic solvent and dispersed hydrophilic phase containing the bioactive substance. The hydrophobic phase enables the incorporation of bioactive substances due to their solubility and dispersibility in organic solvents applied for electrospinning process.
When the high voltage is applied bers with vesicles containing dispersed part of the emulsion in more easily solidifying dispersion medium can be formed. Core-shell bers can be also formed as a result of relatively fast evaporation of solvent from the region close to the surface in comparison to the central part of the polymer jet. In such circumstances, the viscosity gradient of the core and shell segments changes dramatically and causes a slower rate of the evaporation process in the central part of the jet. In both cases solidied polymer acts as a hydrophobic barrier which provides protection from external conditions for labile bioactive substances including proteins. It was shown during in vitro experiments that burst release effect was limited by applying emulsion electrospinning, therefore it could potentially limit leaching-out effect of shear stress encountered in vivo by bioactive substance loaded vascular gras. [40] [41] [42] Examples of its use in vascular gra development are presented in Tables 1 and 2 .
Coaxial electrospinning
One of the signicant breakthroughs in the case of electrospinning technique was an introduction of a coaxial spinneret.
Unlike standard spinneret, a coaxial one contains core-shell nozzle which is connected to a double compartmented syringe ( Fig. 2) , two separate pumps and pipelines. As a result, the described setup is capable of electrospinning two different polymer solutions at different rates, which form core-shell bers.
This technique enables the synthesis of the bers made from substances not usually applied for electrospinning process of vascular gras. 43 The core-shell structures are usually similar to the bers which could be obtained by emulsion electrospinning, where the hydrophobic shell covers and protects the bioactive substances located in the hydrophilic core.
This design improvement reduces burst effect and allows dual-drug loading to both core and shell layers. 19 The contact of bioactive substances and organic solvents used in electrospinning is signicantly reduced which makes this method more valuable option for labile substance processing (Tables 1  and 2 ). Moreover, core and shell diameters of the bers can be controlled and design by changing the process parameters including the ow rate and applied voltage. Coaxial electrospinning reveals better processing versatility compared with emulsion electrospinning or any other form of bioactive substance incorporation method.
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Release mechanism
In general, the bioactive substances are transferred into vessel lumen by diffusion and medium-driven ow from the surface of bers or from the polymer matrix which builds each electrospun ber of vascular gra. Diffusion is the main release mechanism of bioactive substance for most biodegradable polymeric bers. However, the biodegradability of the polymer matrix also inuences the release prole, which is important for designing materials for tissue engineering application.
The diffusion from polymeric bers occurs through direct release from the polymer matrix and diffusion across a barrier formed by polymer itself. 45 In this diffusion-based mechanism, the release process of molecularly dispersed bioactive substances from the electrospun gra includes passage of bioactive substance molecules through pores within polymer matrix and passage between polymer chains. Both types of diffusion are inuenced by the structure of a single ber and will be the dominant release mechanism in the early stages aer vascular gra implantation. The rate of diffusion depends on various factors including crystallinity, physicochemical properties, partition coefficient, the amount of bioactive substance loaded, ber diameter and its structure.
Most of the polymers used in electrospinning are in semicrystalline state and form amorphous regions during the spinning process. Bioactive molecules are usually located in the amorphous regions of the semi-crystalline polymers and the initial drug release occurs mostly from these regions of the bers. 37 An increase in crystallinity results in a decrease in the diffusion rate of the bioactive substance. It is attributed to the water penetration of semi-crystalline polymers which initially occurs in the amorphous regions. 46 The water infusion from the amorphous regions facilitates the release process and increases the diffusion rate. The release of bioactive substances from electrospun constructs depends on substrate properties therefore when designing bioactive substance loaded vascular gra both physical and chemical properties of the active substance 47 and polymer, 48 must be considered. Hydrophobic substances loaded to electrospun gras show lower tendency to be distributed in the blood and therefore have slower clearance as their diffusion rate is slow. Contrary, hydrophilic substances have a higher attraction towards aqueous medium, therefore, their clearance is high whereas retention within gra is limited due to fast diffusion rate. In the case of polymer or polymer blends, their hydrophilicity will inuence the wettability and aqueous medium penetration through the whole structure.
Another important issue closely related to physicochemical properties of the polymer and bioactive substances is partition coefficient. 31, 36 The partition coefficient of bioactive substance and polymer can inuence bioactive substance distribution within the polymer matrix or near the surface of electrospun bers. Therefore, it can signicantly inuence the release rate aer gra implantation leading to a frequently encountered problem of initial fast release phase also known as a burst effect. It was found that for some polymer systems the rst stage of bioactive substance release is very fast and is responsible for a rapid release of a large part of incorporated dosage. [40] [41] [42] Additionally, it was found that higher drug loading contributes to a higher risk of burst effect. Therefore, a large part of loaded dosage which rapidly diffuses from the vascular gra may cause severe local toxicity shortly aer gra implantation and therefore formulations with high drug loadings should be developed with caution. The initial fast release phase is also typical for bers loaded with bioactive substance via post-electrospinning incorporation techniques where fast desorption process from the ber surface drives a rapid depletion of bioactive substance loading. 43, 49, 50 However, covalent immobilization in comparison to non-covalent methods of bioactive substance immobilization, signicantly limits the burst release effect. 51 In direct blending technique, a high voltage applied during electrospinning process inuences the homogenous polymer mixture in the spinneret and can locate evenly distributed bioactive substance near the surface of produced bers. This process depends vastly on the polarization susceptibility and solubility of incorporated substances but is the main cause of the burst release effect encountered in loaded vascular gras obtained via direct blending technique.
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The emulsion and coaxial electrospinning are both applied to prevent burst release effect. The vesicle or core-shell structure formation causes a change in diffusion mechanism as the layers of solidied polymer acts as a diffusion barrier whereas vesicles or core becomes the bioactive substance reservoir. Changes in the elongation of the core or vesicle distribution, has a tremendous impact on the release prole as a thinner core diameter or a greater vesicle distribution causes thicker polymer-based barrier which can decrease the release rate of bioactive molecules. 42 Therefore, in the case of emulsion and coaxial electrospinning, the initial stages the release prole is mostly affected by the diffusivity of bioactive substance through the polymer barrier.
Discussed burst release phase is followed by a sustained release phase with slower release rate mediated initially also by the diffusion-based mechanism. Sustained release phase is mainly a result of an increasing diffusion distance from the internal part of polymer matrix to its external regions.
The polymers used in electrospinning technique for graing purposes are biodegradable. In long-term, the degradation process leads to subsequent surface or bulk erosion indicated by a decrease in polymer mass or ber size which happens along a gradual regeneration of normal living tissue. 7 The degradation process of the polymers used to electrospun vascular gras is a relatively long process, therefore erosion/degradation processes are dominant release mechanisms at the last stages of gra lifespan. 53 In long-term aer gra implantation, erosion-based mechanism of polymer matrix gradually decreases the diffusion distance and slowly becomes the dominant force behind the release of the bioactive substance from electrospun bers. In the case of emulsion and coaxial electrospinning degradation of polymer chains and a gradual erosion of polymer barrier affects the passage distance and thus the diffusivity of the bioactive substance. However, when designing a long-term release medical device like bioactive substance loaded vascular gra, the impact of in vivo conditions should not be neglected. It was found that proteinase K and lipase PS enhance PLLA and PCL hydrolytic degradation which could increase the importance of enzymestimulated degradation in the release mechanism of bioactive substance in earlier stages of vascular gra lifespan.
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Based on presented data, both -diffusion and degradationrelated processes should be considered as potential release mechanisms of bioactive substance from electrospun gras. In the case of long-term application of vascular gras, the diffusion, as well as erosion/degradation, contributes to the release process. The dominant release mechanism depends on permeability, wettability and degradation prole of the polymer. The drug release from polymer gra with high permeability and characterized by a slow degradation rate is usually dominated by diffusion-driven mechanisms which produces typical bi-phase release prole. In the case when polymers with low permeability and fast degradation are applied, drug release process is more complex and is regulated by both mechanisms, resulting in a tri-phase release prole with fast release phase, diffusion-driven sustained phase and erosion-driven phase.
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The electrospun polymer matrix is an efficient form of drug delivery system which can provide sustained and localized release (Tables 1 and 2 ). Additionally, modications of polymer matrix improve incorporation and immobilization of labile substances like growth factors or drugs for vessel regeneration. 
VEFGR-2) are the ones responsible for neo-vessel formation through angiogenesis. 57 These receptors are mostly expressed on the surface of endothelial cells.
58 Downstream signaling of VEGF enhances the activity of extracellular matrix degrading enzymes including proteases and collagenases which leads to the process of basal membrane degradation and neovessel sprout formation. 59 Furthermore, it increases the number of epithelial progenitor cells (EPC) in general circulation, which regenerate and improve the structure as well as the function of the endothelium.
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Due to its remarkable importance of VEGF in angiogenesis, a study conducted by Guex et al. 36 examined the possibility of VEGF immobilization on polymer scaffold for vascular tissue engineering (Table 1) . In her study, Guex used a exible linker molecule in order to increase VEGF immobilization efficiency by reducing steric hindrance. 36 Cell studies on immortalized human umbilical vein endothelial cells (iHUVEC) revealed that the cells cultured nine days on VEGF immobilized scaffolds provided sustained mitogenic action. The number of cells was signicantly higher for scaffold with VEGF in comparison to non-functionalized ones. Another important nding of this group demonstrated that iHUVEC attachment was increased on micro-sized bers, in comparison to nano-sized ones which failed to enhance proliferation rate even aer nine days.
A different method of active substance incorporation was selected by another group which decided to incorporate VEGF as an emulsion to PLCL bers (Table 1) . 42 VEGF was dissolved in bovine serum albumin (BSA) or dextran to form a solution which then was emulsied with PLCL solution in chloroform. Both dextran 62 and BSA 63 have demonstrated their stability in previous studies. Release study conducted by Tian et al. showed that dextran and BSA presence affected the release prole only during the rst 24 h. Mesenchymal stem cells (MSC) study showed no signicant difference between core-shell scaffolds and pure PLCL scaffolds. However, aer 10 days in both formulations of core-shell gras, the proliferation of MSC was higher than on normal PLCL scaffolds. Growth factors could also inuence the differentiation process of stem cells to other cell types. 42 Despite prolonged VEGF release for 28 days, the study of Tian et al. did not demonstrate differentiation of entire MSC population to cardiomyocytes.
In another major study, Zhang et al. 40 developed doublelayered membrane composed of chitosan hydrogel/ poly(ethylene glycol)-b-poly(L-lactide-co-caprolactone) (PELCL) electrospun membrane loaded with VEGF as the internal layer and emulsion/PELCL electrospun membrane loaded with PDGF as the external layer (Tables 1 and 2 ). In this study, coaxial electrospinning was utilized to obtain double-layered scaffolds. The cumulative release of VEGF aer 6 days was 66%, which demonstrated that the release was more rapid than for plateletderived growth factor (PDGF), which cumulative release of 38% indicated more sustained release pattern. Two different types of cells were cultured on electrospun scaffolds and on tissueculture polystyrene (TCPS) as a control. Endothelial cells (EC) rapidly adhered and proliferated in the rst 6 days, whereas smooth muscle cells (SMC) proliferation rate increased signi-cantly aer the 6 th day. The relationship between growth factor release from emulsion/coaxial electrospun materials (E/C), without and with different amount of heparin (P1 or P2), and vascular cells proliferation was determined (Fig. 3A-D) .
In vivo studies of double layered gra implanted for 4 weeks as rabbit carotid artery replacement provided many useful ndings. Neither rupture during its surgical insertion nor leakage during postoperative period was detected. The result obtained aer gra explantation indicated endothelialization of luminal surface and an external layer of SMCs, however at the different percentage at different end points. Moreover, the histological analysis of cell coverage was consistent with growth factor release studies, as EC responsible for vascular homeostasis proliferated rapidly in the rst week aer implantation whereas SMC proliferated in the following weeks aer insertion. Nevertheless, both cell types attached only to luminal end external part of the gra, which probably was the effect of insufficient porosity of the scaffold.
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A different approach was chosen by Han et al. who coelectrospun various polymers with gelatin to obtain multilayered scaffolds loaded with VEGF via direct blending and with PDGF via emulsion electrospinning (Tables 1 and 2) . 64 In vitro release studies demonstrated that VEGF cumulative release was higher than PDGF, which was probably caused by different loading methods and different polymers used to produce loaded bers. This behavior was benecial for temporal delivery of growth factors and further tissue regeneration process. Gelatin selected as a material for ber formation and fast release of VEGF promoted adhesion and proliferation of EC on the luminal surface of electrospun scaffolds which was conrmed by increased expression of a cluster of differentiation 31 (CD31). 65 5.1.2 FGF. Fibroblast Growth Factor (FGF) family is another broad group of growth factors involved in neo-vessel formation during wound healing and embryogenesis. 66 They impose a pleiotropic effect on various cells including EC. This particular family of growth factors has been reported as angiogenesis stimulating factor in vascular lesions 67 together with previously discussed VEGF.
Montero group investigated a new approach to fabricating aligned gelatin bers with incorporated basic broblast growth factor (bFGF) ( Table 1) . 68 The growth factor was physically immobilized within the gelatin scaffolds. The higher alignment of the bers caused a 28% increase in an in vitro angiogenesis in comparison to scaffolds consisting of randomly oriented bers. Moreover, greater ber alignment was found to increase bFGF release by 11% from electrospun scaffolds with aligned bers, which could be attributed to the swelling proles of these bers.
The more complex approach was applied by other researchers who managed to incorporate multiple polyplexes containing bFGF and VEGF encoding plasmids to electrospun constructs. The mixture containing growth factor encoding polyplexes were suspended in phosphate buffered saline (PBS) and emulsied in chloroform containing polyethylene oxide/ polylactic acid copolymer (PELA) and polyethylene glycol (PEG) which were aerward electrospun. In this particular case, polyplexes of plasmid DNA (pDNA) were suspected to act as protective agents against critical process parameters. 69 The release prole of obtained dual-loaded mats had three distinctive phases: an initial burst release in the rst 12 h of the experiment, followed by a sustained release for 3 weeks and 1 week period of gradually decreasing release rate. Initial burst release was probably caused by polyplexes deposition on the surface or near to the ber surface, which contributed to high release rate in the rst hours of the release studies. Aer 3 weeks of a gradual dissolution of PEG, an increase in the contact surface of a polymer matrix with surrounding medium was noticed, which accelerated further polymer degradation thus enhancing the polyplexes release from the bers.
A broader perspective of pDNA polyplexes potential was outlined by in vitro cell studies which revealed that their incorporation decreased the cell attachment to the polyplexloaded bers. Based on these result authors concluded that the ability to properly guide the cell growth of such constructs, depend both on initial cytotoxicity of incorporated plasmid DNA and transfection rate responsible for growth factors production and thus their effect.
In another study FGF-9 was incorporated into the electrospun structures by both blend and emulsication technique. Mats obtained by both techniques showed no burst release during release study which indicated perfect entrapment of bioactive molecules within polymer bers. Both methods of incorporation led to a sustained release of FGF-9 for 28 days. However, the cumulative release for emulsion electrospun bers was lower compared to blend electrospun bers and reached 37% at the end of release study. There were no significant differences in bioactivity of NIH-3T3 broblasts cultured on bers prepared either by blending or emulsion techniques, while FGF-9 release proles from both types of bers had different characteristic. 70 5.1.3 PDGF. Platelet-derived growth factor can be synthesized by a number of different cell lines and is responsible for angiogenesis. 71 Together with previously mentioned FGF and VEGF this growth factor is responsible for neo-vessel maturation by enhancing the recruitment of vascular smooth muscle cells (VSMC) and pericytes. Moreover, its activity plays a crucial role in collagen production, as it stimulates broblasts activity.
72 Additionally, to these important properties regarding angiogenesis, PDGF also induces a proinammatory reaction in response to the vessel lining damage.
Despite being mostly used in combination with other growth factors, PDGF is also regarded as a potential candidate for a bioactive component of electrospun tissue-engineered vascular gra (TEVG). Different methods of PDGF incorporation to the electrospun gra (Tables 1 and 2 ) have been utilized including double-layered scaffold formation 40 or immobilization on heparinized scaffold.
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In the study set out to determine PGDF effect on cell migration, 74 coaxial electrospinning method was used to fabricate a PDGF-containing PLCL scaffold for sustained release of growth factor. All three structures spun with different inner phase ow rate showed burst release of PDGF-BB in the rst 2 days of the experiment, which was followed by a sustained release till the 28th day. In vitro studies conducted on VSMC revealed satisfying cell attachment when compared to normal PLCL bers without growth factor loading. 74 
Heparin
Heparin is a well-known anticoagulant, however, only small number of trials investigated its potential in electrospun scaffolds for the cardiovascular application. Recent research has demonstrated that heparin could act as a potential linker molecule between electrospun scaffolds and various growth factors. 51, 73 Heparin is known to inhibit VSMC both in vitro and in vivo which can signicantly reduce the severity of neointimal hyperplasia connected with graing procedures. Over the years various mechanisms of its antiproliferative effect have been proposed however recent data showed that heparin treatment results in cGMP-dependent protein kinase activation which at least in part is responsible for VSMC proliferation inhibition.
75
A research conducted by Luong-Van et al. 37 produced heparin loaded PCL scaffolds by utilizing a modied direct blending technique where a non-soluble in methanol heparin was initially dissolved in water, which was then mixed with dichloromethane, before adding it to the methanol solution (Table 1) . Accordingly, to other studies 76, 77 heparin salt addition inuenced the charge deposition along the jet which enhanced its elongation during spinning process thus producing bers with a smaller diameter. Initial, fast release rate of heparin may be benecial in preventing the proliferation of VSMC shortly aer the injury caused by endovascular operations. Proinammatory action assay revealed that PCL bers did not stimulate tumor necrosis factor a (TNF-a) production by the macrophages.
37
Other team created heparin loaded scaffolds by using coaxial electrospinning technique (Tables 1 and 2) where the ber core contained heparin dissolved in water whereas shell was made from poly(L-lactide-co-3-caprolactone) (P(LLA-CL)).
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The release of heparin had a typical bi-phase prole with initial fast phase release followed by sustained release for 14 days. The canine model was used for long-term in vivo studies (Fig. 4A-C) , due to the fact that the structure and mechanical properties of femoral artery are similar to those found in human vessels.
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Fig . 4A shows gra implantation procedure and gra implantation site inspection (Fig. 4B and C) by digital subtraction angiography (DSA) and color Doppler ow imaging (CDFI).
Before implantation, scaffolds underwent dynamic endothelialization. Results showed that pre-implantation endothelialization and heparin incorporation increased the patency rate about 12.5% for normal scaffolds and 75% for modied scaffolds aer 3 months. Non-endothelialized heparin loaded scaffolds were covered with endothelial cell only at the proximal end which was probably caused by slow cell migration rate with the blood ow.
In a recently published study, PCL and chitosan scaffold was produced by utilizing the co-electrospinning technique.
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Heparin was physically adsorbed on the surface of produced bers (Table 1 ). This research found that heparin load can be controlled by changing the chitosan ratio within the scaffold. Moreover, due to multiple ionic bonds formed between the polymer chains of electrospun bers, burst release was limited. The sustained release was observed for the system, from which only 26% of total heparin load was released in one month period. Heparin adsorption on the surface of the bers extended both activated partial thromboplastin time (APTT) and thrombin time (TT) thus demonstrating high haemocompatibility. Morphological study of explanted gras from a rat model revealed full endothelial coverage in heparin loaded scaffolds aer 4 weeks. 80 In contrast to normal PCL and chitosan gras, all patent heparin loaded gras showed clean lumen with no sign of thrombus formation.
Heparin as a linker molecule.
Due to recent studies, heparin was also found to be a potential linker molecule between electrospun brous scaffolds and various growth factors. Its presence in electrospun constructs signicantly increases protection of labile compounds like growth factors from various external conditions including heat, pH, and enzymes. 81 Growth factors are known to be labile compounds especially in physiological conditions, thus their immobilization via a linker molecule is considered as an option to stabilize the connection between the scaffold and multiple bioactive molecules. Protection imposed by a linker is an effect of conformational change of growth factor molecule which occurs shortly aer it binds with heparin.
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Moreover, such modication also increases the storage capacity of obtained structures and inuences release pattern of bioactive substances. Heparin use as a linker molecule was studied by Cheng.
33
The study veried the platelet attachment to electrospun PLA scaffolds conjugated with heparin and showed that plasmatreated scaffolds conjugated with heparin exhibited a meaningful reduction in platelet aggregation when comparing to normal PLA scaffolds. Independently of the amount of conjugated heparin all modied scaffolds demonstrated increased bovine aorta endothelial cells (BAEC) attachment. These nd-ings were consistent with other studies which indicated that negative charge of heparin and its water retaining capability, produce a hydrophilic environment suitable for cells. 83 Since NH 2 groups are considered to be potential linkers for other biomolecules such surface functionalization of currently used biodegradable polymers can improve their biocompatibility.
A similar approach was used in other research, however, no plasma treatment was involved in the heparin conjugation reaction (Table 1) . 34 Obtained PCL and gelatin scaffolds were cross-linked. The cross-linking process applied in this study was not only essential because of its direct impact on stability and biomechanics of electrospun polymers, 84 but also because it allowed more uniform distribution of heparin molecules. Furthermore, surface modication of electrospun polymer increased the loading efficiency in comparison to nonconjugated scaffolds.
The study focused on heparinization methods was continued and resulted in an immobilization of PDGF-BB into PCL/gelatin scaffold. 85 The release of growth factors from heparin-conjugated structures occurred during initial phase mainly by dissociation of surface absorbed growth factor or by sustained release depending on the thermodynamic equilibrium. 85 In vitro release studies showed that bioactive substance was bound to the heparinized gra by electrostatic forces, which according to the authors was the main factor contributing to a sustained dissociation of PDGF-BB from the surface of the bers. Obtained data revealed that the release of PDGF was diameter-dependent, where bers with small diameter released bioactive molecules at a faster rate. The probable reason for such nding was connected with a higher surface area of small diameter bers, which was exposed to the release medium. 86 Furthermore, the presence of growth factors bonded to electrospun construct was detectable even aer 20 days, demonstrating the capability of heparinized scaffolds to release PDGF-BB over an extended period of time. According to this study, 85 stable heparin conjugation with growth factors limited previously described antiproliferative effect of heparin on vascular smooth muscle cells.
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A similar method was also applied to immobilize VEGF to heparinized PCL/gelatin structures. 51 Sustained release of VEGF from heparinized scaffolds was observed for 25 days, which proved high binding affinity between VEGF and heparin. The in vivo angiogenesis study in rats revealed that aer 4 weeks implanted scaffold was fully covered with cells, and VEGF loading increased the vessel density in the explanted gra (Tables 1 and 2 ).
NO donors
Nitric oxide (NO) is the endothelium-derived relaxing factor responsible for vascular homeostasis. NO activity counterbalances vascular wall stiffness by inducing vasorelaxation. Additionally, to vessel contraction control, NO exerts an anti-platelet and also an anti-inammatory effect by reducing platelet activity and leukocytes adhesion to the damaged endothelium.
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The discovery of new non-classical signaling pathways increased the complexity of NO mechanism of action. Depending on its concentration NO is capable of either promoting cell proliferation or causing an indirect cell cycle arrest or even apoptosis. Moreover, it contributes to stem cell recruitment and differentiation into desired phenotype.
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In a study conducted by Zhang et al., coaxial electrospinning was used to obtain core-shell bers containing NO donor
. 44 In physiological conditions this particular NO donor undergoes a spontaneous degradation with a subsequent NO release, therefore it can be regarded as a potential prodrug, where NO is an active substance responsible for clinical relevant outcomes. DBHD/N 2 O 2 itself is regarded as relatively toxic substance, thus its encapsulation within the core-shell structure of bers was aimed to reduce its toxicity. In this study, the external layer of bers was produced from either PCL or gelatin ( Table 1) . The release studies of NO from DBHD/N 2 O 2 incorporated to electrospun bers revealed maximum NO ux between 2 and 5 h. The continuous release from core-shell bers was sustained for almost 60 h which was similar to non-axially spun bers. Nevertheless, aer initial burst release, core-shell structure managed to slow down the release rate in comparison to a non-coaxial structure. According to MTT assay, the cytotoxicity of DBHD/N 2 O 2 containing noncoaxially spun scaffolds, was apparent. Coaxial electrospinning produced core-shell structures with PCL or gelatin shell which brought more stable NO release and improved cell viability. Additionally, PCL and gelatin formed a barrier which helped to avoid direct contact of DBHD/N 2 O 2 with cells.
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In another recent study, a novel enzyme prodrug therapy (EZT) approach was adopted in electrospun vascular gras. This approach provides means for a localized and targeted prodrug delivery. 90, 91 In a study conducted by Wang et al. 92 electrospun vascular gra was immobilized with galactosidase (Table 1) , which is capable of decomposing intravenously administered NO donor with a simultaneous release of NO at the gra implantation site.
93 NO donor used in this study was galactoside NONOate (GalNONOate), which aer initial decomposition conducted by a surface-immobilized enzyme, le unbounded NONOate which spontaneously decomposed to NO. 94 Ex vivo catalytic properties evaluation based on an arteriovenous shunt procedure indicated that aer NO prodrug administration, uorescent dye-labeled gras demonstrated evident green uorescence in contrast to the control groups, indicating localized release of NO. Electrospun gras were implanted as abdominal artery substitutes in rats (Fig. 5A-G) , where platelet adhesion (Fig. 5D1, D2, F1 and F2 ) and gra endothelialization (Fig. 5E1 and E2 ) was observed. Quantitative analysis revealed that thickness of neotissue and coverage ratio was signicantly higher in the experimental group (with GalNONOate administration) than in control (without Gal-NONOate administration) aer 2 weeks aer implantation. However, aer one month no signicant difference was detected.
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A study conducted by Andukuri et al. produced a hybrid scaffold consisting of electrospun PCL and peptide amphiphiles (PAs). 95 In the discussed study two different PA were synthesized. Each of them contained either a laminin-derived Tyr-IleGly-Ser-Arg endothelial cell adhesive ligands (YIGSR) or polylysine sequence (KKKKK) acting as a nitric oxide (NO) donor. Aer mixing PAs were reacted with pure NO and then selfassembled on the electrospun PCL scaffold to generate a hybrid scaffold (Table 1) . Initial burst release occurred during the rst 48 h and was followed by 4 weeks of sustained release. Cell studies conducted on HUVEC and aorta smooth muscle cells (AoSMC) showed that hybrid scaffolds with NO donor enhanced endothelial cells adhesion to scaffold bers, while simultaneously they did not support smooth muscle cell adhesion. These ndings are consistent with other research on the NO control over vascular cells homeostasis. 96 Moreover, NOreleasing hybrid scaffolds were found to decrease platelet adhesion, thus limiting the potential thrombosis.
Active pharmaceutical ingredients
5.4.1 Antiplatelet and antithrombotic agents. Acetylsalicylic acid (ASA) is a cornerstone of a dual antiplatelet therapy used as prevention in patients with atherosclerotic vascular disease.
97 By inuencing platelet enzyme -cyclooxygenase 1 (COX-1), which catalyzes the conversion of arachidonic acid to prostaglandin H2, ASA affects the platelet aggregation. Del Gaudio et al. were rst who managed to incorporate ASA to electrospun tubular scaffolds via direct blending. 98 According to the tensile strength measurements, ASA loading did not inu-ence the mechanical properties of electrospun tubular structures (Table 1) . Sustained release of ASA from tubular scaffolds was obtained for a one-week period. Short-term analysis of antiplatelet effect revealed that 1% ASA incorporation decreased platelet adhesion to the electrospun bers. However, this effect was mitigated in higher concentration (5% ASA) which according to the authors was a result of less favorable morphological properties and non-homogenous distribution of ASA within the bers. Only results obtained aer 6 h for 10% ASA concentration were statistically signicant and showed observable antiplatelet effect. Dipyridamole (DPA) is an antithrombotic drug which is able to reduce platelet aggregation and over-proliferation of SMC by inhibiting adenosine uptake via phosphodiesterase activation inhibition in these cells, resulting in the intracellular increase of cyclic adenosine monophosphate (cAMP) and cGMP levels.
99
The same mechanism was reported to protect endothelial cells and stimulate their growth.
99,100 Based on these pleiotropic effects of DPA it was hypothesized that its incorporation may improve the clinical outcome of electrospun vascular gras.
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Direct blend technique was used to incorporate DPA into biodegradable polyurethane urea (BPU) electrospun scaffolds (Table 1) . 102 Obtained structures showed improved mechanical properties of DPA incorporated scaffolds which according to the authors was a result of hydrogen bond formation between hydroxyl groups of DPA and urea groups of BPU. The burst release was limited, followed by a sustained release of DPA for 91 days with only few ber defects found by SEM micrographs analysis (Fig. 6A-D) . Limited burst release effect and long sustained release phase were probably caused by a proper incorporation of hydrophobic DPA which matched hydrophobic moieties of BPU and placed the active substance within the ber structure. Both 5% and 10% DPA concentration caused SMC proliferation inhibition in a dose-dependent manner which was consistent with another study. 103 Moreover, EC proliferation was improved in comparison to normal BPU scaffolds, but exact concentration needed to obtain this effect is still an area of discussion.
Human blood contact assessment was also conducted (Fig. 7A-F) . Compared to the BPU alone, the DPA-loaded BPU scaffolds had improved non-thrombogenicity. This study did not show dose dependency of DPA antithrombotic effect, therefore antiproliferative and antithrombogenic effects probably occurred at different dosage of DPA. 104 Therefore, PTX is mostly used in chemotherapy in order to impose antiproliferative effect to affect and combat over-proliferating cancer cells. Based on this specic mechanism of action PTX was incorporated to vascular stents in order to limit neointimal hyperplasia formation. 105 In the study conducted by Innocente et al. direct blending technique was used to incorporate different amounts of PTX to PCL scaffolds (Tables 1 and 2) . 106 The burst release was limited and followed by 22 days of sustained release when 60% of PTX was eluted from the gra. In vivo studies were conducted in a rat model. Analyzed blood samples demonstrated that systematic concentration of PTX was below the detection limit, therefore should not cause general side effects. In vivo study showed a delay in the endothelial coverage as well as the cellular ingrowth till the 12 th week of the experiment, probably caused by PTX activity. Still, a signicant decrease of neointimal hyperplasia was found in explanted gras at each time point of the in vivo study. Furthermore, these observations together with the previous study revealed the potential advantage of PTX loaded, electrospun gra over commercially available expanded polytetrauoroethylene (ePTFE) gras. 
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Moreover, accumulated evidence suggests that statins affect EPC mobilization and proliferation, independently of their main mechanism of action.
110 By inuencing apolipoprotein-III statins also impose an anti-inammatory effect by blocking monocyte adhesion to the endothelial cells. 111 Lee et al. used electrospun PLGA tubes containing rosuvastatin as a drug delivering coating for bare metal stents (Tables 1  and 2) . 112 Aer electrospinning obtained brous tube was mounted on the outside of a commercially available bare metal stent. In vitro platelet adhesion to obtained bers were found to be signicantly lower for ber with 2 and 5 mg mm À2 rosuvastatin than for normal PLGA bers and the antiplatelet effect was directly proportional to the concentration of the drug. The in vitro drug release studies showed two-phase release prole. The stable and sustained release of rosuvastatin were observed until the 4 th week of the experiment. Hybrid stent covered with rosuvastatin containing coating was implanted in the rabbit descending abdominal aorta. In vivo study of endothelial coverage showed that re-endothelialization was signicantly greater in 2 and 5 mg mm À2 hybrid stents (95.5 AE 0.4% and 99.1 AE 0.3% respectively) than in rosuvastatin-free hybrid stent (86.0 AE 0.7%). Aer four weeks, all three groups exhibited signi-cantly different vascular inammatory responses, where rosuvastatin loaded hybrid stents showed two times lower response than the control one. Such result could be the effect of either drug-induced improved endothelial function or reduced platelet activation.
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Similarly, another representative of (HMG-CoA) reductase inhibitors -simvastatin was directly blended and electrospun with polyethylene oxide (PEO). However, the obtained bers with the highest investigated 1 : 4 drug-carrier ratio showed a sustained release over a period of 12 h. 115 5.4.4 Anti-inammatory agents. Dexamethasone (Dex) is an anti-inammatory glucocorticoid drug which lacks sodiumretaining property and makes it suitable for patients experiencing cardiovascular problems.
116 Dex-loaded silk broin (SF)/ PEO scaffolds were formed by applying emulsion electrospinning, where Dex was dissolved in plant oil and then emulsied with a water solution of SF/PEO. 117 The presented study investigated the possibility of green electrospinning without the use of organic solvents (Table 1) . Water evaporation rate was improved by manipulating the ambient conditions by setting the temperature to 37 C and maintaining the humidity between 20-30%. According to in vitro release studies both materials, obtained by direct blending and emulsion technique showed burst release for the rst hours of experiment, followed by more sustained release for 192 h. Due to core-shell structure formation with a hydrophobic core containing Dex, the release rate in burst phase, as well as the total release, was lower for scaffolds obtained by emulsion electrospinning. In vitro studies combined with SEM analysis revealed that Dex delivery inhibited the lipopolysaccharide (LPS)-induced damage to endothelial cells whereas the normal SF/PEO scaffolds failed to limit the cell damage caused by LPS. 5.4.5 Antibiotics. As the systematic treatment oen fails to address bacterial infection aer vascular intervention antibiotic-eluting electrospun gra were developed. Vancomycin is a potent glycopeptide antibiotic, which inhibits bacterial cell-wall synthesis, effective against Gram positive bacteria. It is used for complicated infections caused by bacteria suspected to be resistant to other antibiotics. Moreover, vancomycin off-label use includes preoperative and surgical antimicrobial prophylaxis. Antibiotic-loaded bers were prepared by electrospinning vancomycin and PLGA in hexauoroisopropanol (HFIP) on a commercially available vascular gra (Tables 1 and 2 ).
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Vancomycin loaded bers provided a sustainable triphasic release for more than 30 days in vitro. Nonetheless, an initial burst release of vancomycin could be a favorable feature, as it is important for effective bacteria eradication. 119 In vivo studies conducted in a rabbit model also indicated similar release time period and showed signicantly higher local tissue concentration of active substance than its concentrations in and at the gra, which indicated limited systematic effect.
Perspectives
As can be clearly seen from presented evidence in the past 10 years the scientic community has witnessed an outstanding progress in the eld of electrospinning and tissue engineering. However, despite a signicant number of different electrospun delivery system formulations successfully implanted to animal models, still, no marketed products are available. There are some exceptions, which utilize non-loaded electrospinning materials like Papyrus -a coronary balloon-expandable stent system marketed by Biotronik 120 and AVo™ a vascular access gra produced by Nicast, 121 both with CE mark. Also, Zeus Bioweb® technology is an intriguing concept with a number of potential medical applications. Recently, Biostage electrospun product -Cellspan™ esophageal implant was granted Orphan Drug Designation by the U.S. Food and Drug Administration (FDA) and the advancement into phase 1 human clinical studies. Additionally, at the end of January 2017, FDA decision allowed Xeltis aer successful animal study to initiate the Xplore-II clinical trial for its electrospun pulmonary valve in the USA. 122 The brous structure of this device will enable cardiovascular tissue restoration once implanted.
Still, human clinical trials of electrospun vascular gras are scarce. Nevertheless, some of the current research might help to address some of the issues responsible for such state of matter.
Cell inltration and proliferation within the vascular gra, just like in physiological angiogenesis are guided by the timedependent action of different growth factors. However, excessive revascularization may contribute to neointimal hyperplasia which needs to be counterbalanced by suppressing growth factors activity. Sequential delivery of growth factors has been shown to be responsible for proper vascularization process.
Therefore one of the greatest challenges for future vascular gras is the spatiotemporal delivery of bioactive substances in response to natural signaling triggers. 123 This issue is already an area of extensive research thanks to the introduction of stimuliresponsive polymers. Despite being a novelty such polymers are already extensively studied as they may enable a more controllable release of the bioactive substance. Various external triggers may be used to activate to generate a change in polymer structure with subsequent release of the incorporated substance.
As the pH of arterial blood pressure is in a very narrow range between 7.38 and 7.42, pH-responsive bers can detect and respond to any alterations in pH homeostasis. Polymers containing bonds susceptible to pH uctuations show faster degradation rate under acidic conditions which facilitate hydrolysis of acetal of ester groups. 124 As a result, this degradation-based mechanism increases the elution rate of the bioactive substance from polymer scaffold. In general, in the case of the cardiovascular system, lowered blood pH indicates either inammation or more severe conditions including myocardial infarction. Therefore, pH could act as a potential trigger for a controllable release of bioactive substances from the implanted gra. 125, 126 Additionally, it could enable spatiotemporal delivery of angiogenesis promoting factors like bFGF.
127
An interesting approach for bioactive substance delivery involves thermo-responsive particles incorporation into electrospun bers, which aer periodic variation in temperature would release the bioactive substances in a controllable manner.
128 These smart scaffolds with predened temperatureinduced phase transition may be an interesting delivery technique and a new approach for a localized delivery of proteins.
129,130
Currently, external triggers also gain attention and are oen applied to electrospun materials design, as they are explored as a potential improvement in these delivery systems. 131 An electric current was identied as a potential trigger for swelling and shrinking of polymer based constructs. By increasing the applied voltage, more carboxylic acid groups of polymers becomes ionized which leads to greater repulsion between bers and results in ber swelling. 124, 132 Because of these properties, modied electro-responsive bers are utilized to control thrombogenicity and inammatory responses of electrospun vascular gras. The heparinized PCL bers loaded with polypyrrole showed a distinct response to the low alternating current which led to signicant decrease in platelet activation and leukocyte adhesion.
133
Other potential methods for improving vascular gra patency are connected with gene and plasmid delivery. Electrospun scaffolds modied by simple physical adsorption of small interfering RNA (siRNA) could target genes associated with neointimal hyperplasia.
134
Gene silencing via thrombospondin-2 (TSP-2) siRNA delivery in electrospun polyethylene terephthalate (PET) gra was found to decrease TSP-2 gene expression, which contributes to anastomosis of implanted biomaterials. 135 Electrospraying technique is an emerging method for nano and microparticles preparation.
136 It has been veried as an efficient method for drug loading to microparticles. However, it becomes apparent that it is also suitable for plasmid DNA loading to microparticles. 137 Electrospinning technique coupled with electrospraying provides new ways of plasmid-containing microparticles incorporation to vascular gras, which can induce rapid endothelialization of vascular gras. 138 In order to mimic the complex signaling pathway guiding proper neovessel formation development of novel manufacturing techniques of multiple active substance delivery systems should be one of the priorities of future research. Therefore nano and micro sized particles are widely investigated as new controlled release formulations for delivering single or multiple active substances in a sustainable manner.
139,140
New active substance selection 140 targeting vascular reconstruction issues is also an interesting approach to developing new drug delivering vascular gras. In one recent study, ferulic acid (Angelica sp.) and astragaloside IV (Astragalus sp.) were loaded to electrospun scaffolds to promote revascularization. The addition of these plant-derived active substances increased cell viability of EC and VSMC in vitro and promoted angiogenesis aer subcutaneous implantation with mild inammatory reaction. 141 Additionally, processing of the new candidates for bioactive substance incorporation to electrospun materials could improve the basic knowledge of process parameters which is essential for further developments in this eld.
Furthermore, several issues regarding electrospinning process still need to be addressed to fully exploit the potential of these scaffold-based delivery systems. Proper process parameters optimization is needed in order to improve reproducibility and clinical performance of electrospun scaffolds before starting the rst clinical study.
To date most of the conducted release studies of substances incorporated to vascular gras were performed in vitro, therefore to obtain more preclinical data, a greater number of in vivo studies need to be performed. The endpoint of in vivo studies should also consider the long-term use of vascular gras which should lead to full tissue regeneration.
Additionally, it is of extreme importance to manage to scale up the whole process to the industrial level. Careful selection of used materials and electrospinning parameters need full optimization to obtain method fully transmissible to large scale production. Therefore, drug eluting vascular gras design should also involve requirements associated with viability maintenance during storage period prior to nal use of electrospun gras.
Studies in mentioned areas are crucial for developing rst clinically available and successful electrospun vascular gra.
Conclusion
In the next years, cardiovascular events will contribute to an even higher number of deaths than they cause nowadays. Concurrently with these gures and continuous rise in the percentage of elderly patients in developed countries population, the demand for novel vascular gras will increase, as presently available non-degradable and degradable prosthesis may not reach all of the requirements of modern blood vessel replacement surgeries. The development of better biodegradable substitutes of presently available vascular gras requires more complex approach. Additionally, novel gras design should incorporate new concepts enabling cell inltration and improving control over the process of neovessel formation. As has been shown in this paper the well-known advantages of electrospun scaffolds with their high porosity and interconnected structure might be complemented by utilizing their high surface area to volume ratio as a basis for active substance reservoir.
Moreover, known issues connected with graing procedures like the excessive growth of neointima, insufficient cell penetration and proliferation leading to vascular gra failure might be easily addressed by proper active substance incorporation to the electrospun gras. Nowadays, it became even more apparent that this strategy combining scaffold and delivery system is best-suited for tissue engineered purposes. This paper summarizes new ways of surface functionalization and active substance incorporation to electrospun scaffolds. A rich variety of utilized polymers, emulsion, and coaxial electrospinning, as well as other setup modications, allow more efficient application of labile compounds like proteins and growth factors. Furthermore, all these elements allow to obtain more controllable gra structure, providing means for a sustained release of bioactive substance which is well-suited for long-term application of vascular gras. Due to its versatile nature, electrospinning technique is starting to become a new tool for novel drug delivery systems production for future vascular gras. 
Abbreviations
